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The retrieval of useful data from spotted microarray slides requires keeping track of which microplate wells and DNA sample
corresponds to each spot on each array slide. Existing approaches are closely coupled with the type of arrayer in use and are
computer operating-system-speciﬁc. To support the microarray researcher community at large who use diﬀerent arrayers and
computer platforms, increased ﬂexibility, generality, and portability of these approaches are required. In this paper, we describe a
general algorithm that correlates the well positions of DNA samples in each microplate to the positions of the spots on each array
slide. Based on this algorithm, we have implemented a ﬂexible and platform-independent program named MicroArray Convolutor
(MAC) that provides a Web solution allowing the user to: (a) import a text ﬁle that identiﬁes the DNA samples and their well
locations, (b) select a transformation method that converts data in 96-well plate format into 384-well plate format, and (c) specify
the output format of the array lists dependant on the conﬁguration of the array platform as well as the downstream analysis
software chosen for the array. MAC and its source code can be accessed via the following Web address: http://ymd.med.yale.edu/
kei-cgi/kc_mac_dev8.pl.
 2003 Elsevier Science (USA). All rights reserved.
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DNA microarray technology [1] has become a pow-
erful tool for biomedical researchers because parallel
genetic analysis may be performed in a wide variety of
experiments designed to address a broad range of bio-
logically and clinically related questions including clas-
siﬁcation of diseases such as cancers [2], understanding
of basic biological processes such as various gene regu-
latory pathways [3], identiﬁcation of new drug targets
[4], forensic analysis [5], etc. In general, two types of
DNA microarray technology (spotting vs. photolithog-
raphy) are used in such experiments dependant on the* Corresponding author. Fax: +1-203-767-5717.
E-mail address: kei.cheung@yale.edu (K.-H. Cheung).
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doi:10.1016/S1532-0464(03)00033-9type of immobilized DNA sequence (e.g., cDNA or ol-
igonucleotide) used and how the sequences are laid
down on a solid surface. While the former represents an
open technology that uses a robotic arrayer to spot
DNA samples including the PCR products or oligonu-
cleotides, contained in the wells of a large number of
source plates (384-well format typically), onto a solid
substrate such as a glass microscope slide, the latter
represents a proprietary technology (Aﬀymetrix Gene-
Chips) that builds the oligonucleotides directly on a
silicon chip surface through photolithographic tech-
niques similar to those employed in the semiconductor
industry.
Unlike Aﬀymetrix GeneChips in which oligonucleo-
tides are synthesized in situ, the DNA samples used for
spotted microarrays are prepared and stored in the wellsreserved.
Fig. 1. Plate-to-array convolution process.
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ray-spotting. Initially, the PCR products are synthesized
in wells of 96-well plates allowing larger volumes of
product to be synthesized and stored, being easier for
biologists to work with as they are standard size for
many PCR machines. Many arrayers, however, are de-
signed to accept 384-well source plates for printing,
achieving a higher throughput than 96-well source plates
during dipping of robotically controlled pins for liquid
withdrawal and spotting. When 384-well print plates are
needed, the ampliﬁed DNA samples must be transferred
from 96-well plates to 384-well plates by either manual
or robotic methods. The high throughput transfer of
samples from 96-well plates to 384-well plates and from
384-well plates to array location requires automatic
sample tracking. In other words, a way to automatically
convolute and map the coordinates from one plate for-
mat to another and from plates to array slides is needed.
Diﬀerent solutions have been implemented to auto-
mate convolution (mapping coordinates from 96-well
plates to 384-well plates and from 384-well plates to ar-
rays) and de-convolution (or mapping coordinates from
arrays to plates). Basically, there are static vs. dynamic
approaches to thismapping problem.The static approach
stores the source and the target coordinates in a table and
mapping is performed based on table lookup. This ap-
proach is not ﬂexible, as the table needs to be updated
every time the mapping requirement is changed. The dy-
namic approach is more ﬂexible, as it involves developing
an algorithm to dynamically map the coordinates be-
tween microplates and array slides. However, many of
these dynamic methods are limited to a speciﬁc arrayer
conﬁguration involving a ﬁxed number of pins and a
single pattern of well-dipping and array-spotting. We
used this approach initially, but the method did not scale
very well because each time a new arrayer conﬁguration
arose, a new algorithm/program needed to be written.
There are commercial programs (e.g., GenePix Pro)
as well as public domain programs (e.g., 16-Tip De-
convolutor and GAL ﬁle maker developed at DeRisis
laboratory; http://derisilab.ucsf.edu/) that perform con-
volution or de-convolution, but most of them have the
same limitation. For example, GAL ﬁle maker supports
only the raster-scan mapping from 96-well plates to 384-
well plates and it does not provide enough ﬂexibility in
terms of diﬀerent ways of well-dipping and array-spot-
ting. Other programs such as GenePix Pro are tied tospeciﬁc types of array scanners (e.g., Axon). Also, they do
not support spotting of replicates on an array slide.
Among these programs, CloneTracker (http://www.car-
tesiantech.com/clonetracker.html) seems to be the most
ﬂexible and it can be used for diﬀerent types of arrayers.
This program, however, can only be run under Micro-
softs Windows operating systems. In fact, other micro-
array convolution/de-convolution programs are also
computer-operating-system-speciﬁc. To address these
limitations, we have developed a general mapping algo-
rithm that can be applied to a wide variety of arrayer
conﬁgurations. Based on this algorithm, we have devel-
oped an open-source and platform-independent program
namedMAC that allows dynamic and automatic tracking
of samples via a Web interface.2. Methods and algorithms
2.1. Coordinate mapping from 96-well plates to 384-well
plates
Given a well w in a 96-well plate i, it maps to a well w0
in a 384-well plate j as follows.
ði; rw; cwÞ ) ðj; rw0 ; cw0 Þ;
where rw and cw represent the row and the column po-
sition of w in plate i, respectively; rw0 and cw0 represent
the row and the column position of w0 in plate j, re-
spectively.
At most four 96-well plates can be mapped to one
384-well plate. Therefore, the mapping of well coordi-
nates between plates i and j can be expressed as follows:
j ¼ modði 1; 4Þ þ 1;
where mod is the modulus function.
Currently, our approach supports two speciﬁc
methods of transferring DNA samples from 96-well
plates to 384-well plates. They are described below.
2.1.1. Twelve-channel method
Fig. 2 shows pictorially how this method is used to
map four 96-well plates (P1, P2, P3, and P4) into a target
384-well plate Pj. Given a well row ri and a well column
ci of a 96-well plate Pi (where i ¼ 1; . . . ; 4), their corre-
sponding well row rj and well column cj in the target
384-well plate Pj can be obtained using the following
algorithm.
If ri is odd, then
rj ¼ ðri þ 1Þ=2þ ði 1Þ  4;
cj ¼ ci  2 1:
If ri is even, then
rj ¼ ri=2þ ði 1Þ  4;
cj ¼ ci  2:
Fig. 2. Twelve-channel mapping of four 96-well plates to one 384-well plate.
Fig. 4. Well-dipping pattern.
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Fig. 3 shows pictorially how this method is used to
map four 96-well plates (P1, P2, P3, and P4) into a target
384-well plate Pj. Given a well row ri and a well column
ci of P1 or P2 (where i ¼ 1 or 2), its corresponding well
row rm and well column cm of Pj can be obtained as
follows:
rm ¼ ri  2 1 ði ¼ 1 or 2Þ;
cm ¼ c1  2 1;
cm ¼ c2  2:
Given a well row rk and a well column ck of Pk (where
k ¼ 3 or 4), its corresponding well row rn and well col-
umn cn of Pj can be computed as follows:
rn ¼ rk  2 ðk ¼ 3 or 4Þ;
cn ¼ c3  2 1;
cn ¼ c4  2:
2.2. Coordinate mapping from 384-well plates to array
slides
To perform coordinate mapping between the 384-well
plates and the array spots, we need to know the pa-
rameters that are used when printing array slides. These
parameters are described in the sections below.Fig. 3. Ninety-six-ﬁxed-needle liquid transfer robot map2.2.1. Pin conﬁguration
Most arrayers come with a print-head that assembles
a rectangular grid of pins. These pins are used to si-
multaneously acquire the sample ﬂuids from multiple
wells and spot them on the surface of a glass slide. Ar-
rayers such as GeneMachines Omnigrid can be conﬁg-
ured to have diﬀerent numbers of pins. The pin pattern
matches the array grid pattern (metagrid). As shown in
Fig. 4, a metagrid is basically a rectangular grid of
subgrids. That is, an m n pin pattern will correspond
to a metagrid pattern with m n subgrids with each pin
corresponding to a subgrid. Each pin prints typically
hundreds of spots in the corresponding subgrid. Theping of four 96-well plates to one 384-well plate.
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column (nc) is constrained by the pin-to-pin distance (pr
or pc) and the distance between the centers of the spots
(sr or sc) such that nr  sr < pr and nc  sc < pc.
2.2.2. Dipping pattern
This describes how the pins of the arrayer dip into the
wells to acquire the sample ﬂuids. We deﬁne the dipping
patterns based on the four corner wells: W1, W2, W3, and
W4, which are always located at A1, A24, P1, and P24,
respectively. Given these reference well positions, we can
indicate the set of wells into which the arrayer begins
dipping as well as the dipping direction. Our approach
allows eight possible dipping patterns denoted by the
following: W1–W2, W1–W3, W2–W1, W2–W4, W3–W1, W3–W4,
W4–W2, and W4–W3. Fig. 5 illustrates the pattern W1–W2.
The shaded rectangle represents the print-head. Al-
though the ﬁgure depicts that W1 (positioned at A1) is
located at the top left corner of the rectangle, it does not
matter how the plate is oriented (e.g., W1 can be located
at the bottom right corner). As shown in the ﬁgure, the
arrayer starts dipping into the set of wells that includes
W1. Next it will dip into the set of wells that is imme-
diately to the right of the previous set and so on. In this
case, the dipping direction is from W1 to W2. When the
print-head reaches the end of a row, it will go to the
beginning column of the next row to continue dipping
(zig-zag pattern).
2.2.3. Printing pattern
Given a dipping pattern (Wi–Wj) described previously,
we need to map it to the surface of the array slide. To do
this, we use the following reference points:
(a) the coordinates of the four corner subgrids denoted
by G1, G2, G3, and G4 within a metagrid M (that
represents an array slide),Fig. 5. Pin and prin(b) the coordinates of the four corner spots denoted
by S1, S2, S3, and S4 within a subgrid Gm (m ¼
1; . . . ; 4).
These reference positions shown in Fig. 4 are used to
indicate the corresponding position of Wi on the array
slide. The printing direction is expressed in terms of a
pair of corner spots, which is similar to the way the plate
dipping direction is deﬁned. Here we provide four (in-
stead of eight) possible printing directions as follows:
S1–S2, S2–S1, S3–S4, and S4–S3.
2.2.4. Replicate spots
Another factor that needs to be considered in array-
spotting is whether replicates are printed. We allow
replicates to be printed with the assumption is that
replicate spots are printed right next to each other
within a subgrid (they can be wrapped at the end of each
subgrid row). This is a popular way of spotting repli-
cates, although there are other ways (e.g., the entire
subgrid can be replicated).
2.3. Array mapping algorithm
In general, the mapping between the position of a
well w and that of the corresponding array spot s within
a subgrid g can be described as follows:
ðwr;wcÞ ) ðgr; gc; sr; scÞ:
In the above mapping function, wr and wc denote
respectively the plate row and column position of w.
Given a corresponding pair of dipping and printing
patterns, the following are computed: (i) the metagrid
row coordinate (gr) and column coordinate (gc) of the
corresponding subgrid and (ii) the subgrid row coordi-
nate (sr) and column coordinate (sc) of the corre-
sponding spot within the subgrid.ting pattern.
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coordinate
The pins in the arrayers print-head correspond to the
wells of a plate as follows.
PN ¼ PR  PC;
where PN represents the number of pins in the print-
head, PR represents the number of pins in the row di-
mension, and PC represents the number of pins in the
column dimension. Therefore, a 384-well plate can be
divided into multiple regions each of which contains
PR  PC wells. The wells within each region match with
the pins in the print-head.
2.3.1.1. Transforming the well coordinate according to the
chosen dipping pattern. Given a well located at the ith
row and the jth column with respect to the plate origin
located at W1 (located at A1). Also, given a dipping
pattern Wm–Wn, we let RðWmÞ and CðWmÞ be the row
coordinate of Wm and the column coordinate of Wm, re-
spectively. Then we have the following transformation:
i0 ¼ ji RðWmÞj;
j0 ¼ jj CðWmÞj:
The above formula transforms the plate origin based on
the row and column coordinates of Wm.2.3.1.2. Mapping the transformed well coordinates to the
metagrid coordinates. Let Ga (where a ¼ 1; . . . ; 4) be the
subgrid that corresponds to Wi and G1 be the metagrid
origin, we let RðGaÞ and CðGaÞ be the row coordinate of
Ga and the column coordinate of Ga, respectively.
If PR ( PC, then we have the following:
gr ¼ jRðGaÞ modði0; PCÞj;
gc ¼ jCðGaÞ modðj0; PRÞj:
If PR > PC, then we have the following:
gr ¼ jRðSaÞ modði0; PRÞj;
gc ¼ jCðSaÞ modðj0; PCÞj;
where gr and gc represent row and column coordinates
within the metagrid.
2.3.1.3. Mapping the transformed well coordinates to the
subgrid coordinates. As mentioned previously, a dipping
pattern divides a 384-well plate in a number of dipping
regions. Let this number be ND, then we have the fol-
lowing:
ND ¼ NR  NC;
where NR ¼ 16=PR, NC ¼ 24=PC
Given a well w within a region r, we let Rw be the
dipping order of w within r. Then Rw be derived as
follows.If dipping runs along the plate column direction, then
we have the following:
Rw ¼ intði0=PRÞ  NC þ intðj0=PCÞ:
If dipping runs along the plate row direction, then we
have the following:
Rw ¼ intðj0=PCÞ  NR þ intði0=PRÞ:
Given Rw for a plate p, where p ¼ 0; . . . ;M  1 andM
is the number of plates that can go on one array slide
and let H be the number of replicates (H ¼ 0 if there is
no replicate), for each h ¼ 0; . . . ;H , we have the fol-
lowing:
q ¼ p  ND  H þ Rw  H þ h:
Then we have the following:
s0r ¼ intðq=GCÞ þ 1;
s0c ¼ modðq;GCÞ þ 1;
where GC is the number of columns within a subgrid.
Now we take the subgrid printing pattern Sa–Sb into
account. Let RðSaÞ and CðSaÞ be the row and column
coordinates of Sa, respectively; RðSbÞ and CðSbÞ be the
row and column coordinates of Sb, respectively. Then we
have the following.
If RðSaÞ < RðSbÞ, then we have the following:
sr ¼ js0r  RðSaÞ þ 1j:
If RðSaÞ > RðSbÞ, then we have the following:
sr ¼ js0r  RðSaÞ  1j:
If CðSaÞ < CðSbÞ, then we have the following:
sc ¼ js0c  CðSaÞ þ 1j:
If CðSaÞ > CðSbÞ, then we have the following:
sc ¼ js0c  CðSaÞ  1j:3. Results
Based on our well-to-spot mapping method, we have
implemented a platform-independent and Web-accessi-
ble program named MAC. The program was written in
Perl with a Web CGI (Common Gateway Interface)
interface. It was installed on a Linux platform (an IBM-
compatible personal computer) with an Apache Web
server. MAC can be accessed at the following ad-
dress: http://ymd.med.yale.edu/kei-cgi/kc_mac_dev8.pl.
The Web interface allows the user to do the following:
• Submit a tab-delimited ﬁle that describes the samples in
the source plates (96-well format or 384-well format).
• Enter a set of parameters that specify the following:
(a) How to map the samples from the 96-well plates
to the 384-well plates if the input ﬁle describes a
K.-H. Cheung et al. / Journal of Biomedical Informatics 35 (2002) 306–312 311set of 96-well plates? (If the input ﬁle corresponds
to 384-well plates, this 96–384 well mapping step
will be skipped.)
(b) How to map the coordinates between the 384-
well format and the array slide?
(c) How to format the array list output that is used
for diﬀerent microarray image analysis software
(e.g., Genepix and QuantArray)?
Fig. 6 shows the Web form through which the user
submits the plate ﬁle and enters a set of parameters. The
ﬁgure depicts that the user can specify the type of plates
(96-well or 384-well plate type) described by the input
ﬁle and enter the column names the way they appear in
the ﬁle if they are diﬀerent from the default names (the
physical order of the columns in the ﬁle does not mat-
ter). We also notice that well locations can be described
in a single column (combining plate row and column
positions) or two separate columns (plate row and plate
column). If the input ﬁle corresponds to a set of 96-well
plates, the user needs to choose which method (12-
channel or 96-hydra) will be used to map the data to
384-well format. After this conversion, the user has the
option of whether or not to pipe the converted data to
array convolution. By separating plate convolution and
array convolution, the user can add new plates (which
may contain DNA samples that serve as control) to the
convoluted plate set and submit this new plate set to
array convolution. To perform array convolution, the
following information needs to be provided.Fig. 6. Web interface that allows the use Number of pins and conﬁguration. As shown in Fig.
6, this parameter is entered through a pulldown menu.
Each item in the pulldown menu corresponds to a pin
conﬁguration pattern with the format PN :PR  PC, where
PN represents the total number of pins, PR and PC rep-
resent respectively the row and column dimension of the
pinset with respect to the 384-well plate as shown in Fig.
3. Currently, MAC can support 4-pin, 16-pin, 32-pin,
and 48-pin formats. While there is only one conﬁgura-
tion for the 4-pin format (4:2 2), 16-pin format
(16:4 4), and 48-pin format (48:4 12), there are two
possible conﬁgurations for 32-pins (32:4 8 or 32:8 4).
For the 16-pin format, we can maximize the number of
spots that can be printed on any given slide by allowing
16 subarrays to be printed on the top half of a slide and
another 16 subarrays on the bottom half, simulating the
equivalent of a 32-pin format. This is also known as the
pseudo 32-pin format.
Well-dipping pattern. As described previously, there
are eight possible well-dipping patterns (in the form of
Wi–Wj with Wi representing the corner well at which
dipping starts and Wi the dipping direction). Each of
these patterns is represented by an item in the pulldown
menu as shown in Fig. 6.
 Spotting pattern. To specify mapping between well
positions and spot positions, the interface allows the
user to choose from a pulldown list the corner subgrid
(G1, G2, G3, and G4) to which Wi is mapped. Next the
user will choose from another pulldown list to indicate:r to enter the mapping parameters.
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mapped and (b) the spotting direction.
 Other physical settings. The density or the maxi-
mum number of spots that can be printed on an array
slide is determined by a number of physical properties of
the robotic arrayer. These include the horizontal and
vertical distance between two adjacent pins, spot diam-
eter of the spot (spot size), the horizontal and vertical
distance between two adjacent spots, and where it starts
printing on the slide (e.g., with respect to the top-left
corner of the slide). In case of the pseudo 32-pin format,
how much space between the two 16 subarrays needs to
be speciﬁed. Instead of printing the maximum number
of spots, the user can choose to print fewer spots by
specifying the number of rows and columns of spots that
a subgrid can have.
MAC is currently being used by several microarray
laboratories at Yale, involving diﬀerent organisms (e.g.,
yeast, human, mouse, Arabidopsis, and Drosophila) and
a variety of robot arrayers (GeneMachines, Bio-Rad,
etc). MAC has been tested and actual use has proved
that it is ﬂexible enough to handle a variety of micro-
array printing needs. In terms of performance, the
program, for example, completes the convolution of a
set of one hundred and sixty three 96-well plates into an
array with duplicate spots (a total of about 30,000 spots)
within 30 s. Of course the performance also depends on
both the network traﬃc and the processor speed of the
computer on which the program is running. Currently,
MAC is running on a Pentium III 500MHz processor.4. Conclusion and future directions
We have devised a general algorithm to dynamically
map coordinates between microplates and microarrays.
The algorithm can be applied to a variety of robotic
arrayers with diﬀerent conﬁgurations. We have devel-
oped an open-source program written in a portable
programming language (Perl) to provide a platform-in-
dependent Web interface that allows the user to specify
a variety of mapping parameters. Through its usage by
several microarray laboratories using diﬀerent arrayers,
the program has proven to be ﬂexible and useful to a
broad microarray user group.
In terms of future directions, we consider the fol-
lowing:• While providing a public version of MAC, we plan to
create another version that will integrate MAC with
the Yale Microarray Database (YMD), which is a
university-wide database system support large-scale
gene expression data management and analysis [6].
The output of MAC can be loaded into YMD, which
can later be linked to the associated image analysis re-
sults stored in YMD.
• We plan to extend MAC to incorporate more op-
tions. For example, we have already received a re-
quest for an additional feature that will allow block
replication (replicating an entire subgrid of spots) in
addition to spot replication.
• We plan to make MAC more graphical. Although the
current users need only very little training on how to
use MAC, the interface can be made more interactive
if we use a pictorial representation of the slide and plate
to indicate how mapping of coordinates is speciﬁed.Acknowledgments
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